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Introduction
Organic-inorganic hybrid photovoltaic (PV) devices have showed their promising in replacing or reducing the fabrication cost of conventional Si wafer-based p-n junction solar cells that currently dominate the PV market with over 80% of the market share. The relatively high cost of the PV modules using Si p-n junction wafer solar cells compared to conventional fossil fuels-based energy restricts its wide adoption for the civil electricity supply. Hybrid ntype c-Si/Poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonic acid) (PEDOT:PSS) Schottky PV devices are regarded as new generation low-cost Si-based solar cells that can potentially reduce the price of the PV modules because transparent organic conducting polymer PEDOT:PSS can be fabricated on n-type c-Si wafers using the simple solutionprocessed method at low temperature of ~120 o C. However, although high-efficiency n-type c-Si/PEDOT:PSS-based solar cells were widely reported, [1] [2] [3] [4] [5] [6] [7] [8] [9] they suffered from the notorious stability issues of organic-inorganic hybrid PV devices because of poor water resistance of PEDOT:PSS. [10] [11] The power conversion efficiency (PCE) of PV devices will decrease seriously if stored under ambient conditions without encapsulation. Long term stability of the hybrid PV modules is one of the key factors that need to be addressed for competing with the conventional Si p-n wafer-based solar cells. [12] In this paper, for the first time we reported a novel polysiloxanes/PEDOT:PSS (PSES:PEDOT:PSS) nanocomposite thin film that was used to fabricate the n-type c-Si/PSES:PEDOT:PSS PV devices. Our hybrid PV devices presented an exceptional stability to the environment through experiments of immersing the unprotected PV devices in water, which illustrated that optically transparent and highly conductive PSES:PEDOT:PSS nanocomposite thin films presented a "water-impermeable"
property.
PEDOT has potentially wide applications in optoelectronic, electronic, electrical, and electrochemical devices due to its high electrical conductivity, thermal and chemical stability, high transparency, and low-cost. [13] [14] However, co-polymer PEDOT:PSS thin films from an aqueous solution have very poor water resistance. Properties of the PEDOT:PSS film including its adhesion to the substrate are significantly affected by water or ambient environment. A phenomenon is that the PEDOT:PSS thin film disintegrates and is removed or peels off from the substrate shortly after immersion in water. Although many studies have been carried out to form composites or nanocomposite PEDOT:PSS thin films by combining either inorganic nanoparticles (NPs) or organic components, [15] [16] no report demonstrated that transparent and highly conductive properties via addition of assistant solvents [17] (e.g. 
Experimental section

Preparation of the PSES:PEDOT:PSS solution
A hybrid sol was first prepared by the sol-gel method from precursors of tetraethyl orthosilicate and triethoxymethylsilane that were mixed in the solvent of isopropanol by 
Characterization
Transmittance tests were carried out by the Varian 50 Scan UV-Vis Spectrophotometer. For the sheet resistance measurement, two contacts were created by a high conductive silver paste, separated by a square area of the transparent PSES:PEDOT:PSS coating, and then the resistance was measured by the zero-calibrated multimeter. PV devices were illuminated using a solar simulator at one sun (AM 1.5, 100 mW/cm 2 ) and the J-V characteristics were measured by a Keithley 2400 electrometer. The scanning electron microscope (nanoSEM) at 15 kV and the tapping mode atomic force microscope (AFM) images were recorded using FEI™ Nova NanoSEM and Vecco Nanoscope III AFM, separately. Fourier transform infrared (FTIR) measurements were conducted with a Nicolet Nexue FTIR spectrophotometer.
Results and discussion
6
The PSES:PEDOT:PSS solution plus 10% DMSO was used to coat PP or GS substrates.
With the evaporation of liquid from the solution, it formed an ideal nanocomposite substance as schematically shown in Figure 1 that contains a continuous solid skeleton (PSES) enclosing a continuously fluid-dispersed phases (PEDOT:PSS) in colloidal dimensions.
Continuity means that one could travel through the solid phase from one side of the sample to the other without having to enter the fluid-dispersed phases; conversely, one could make the same trip entirely within the fluid-dispersed phases. This self-organised structure was achieved due to hydrophobicity of PSES, which makes them separate from PEDOT:PSS fruit phases. 1:2 ratio of PSES to PEDOT:PSS in the mixture obtained a balance with maximum electrical conductivity, best water-resistance, and strongest adhesion to the substrate. In order to realise the maximum thickness of thin films from this formulation that will provide the best "water-impermeable" property, variable thicknesses of multiple-layer thin films were NWs films from oxidation and corrosion but also providing a strong adhesion to the substrate.
The Ag NWs used in this work had on average 90±20 nm at diameter and ~30 nm at length.
Therefore, we expected that 85% transmittance with ~10 / sheet resistance can potentially be obtained by optimising Ag NWs with ~35 nm at diameter.
Water and acid resistance were significantly enhanced for the PSES:PEDOT:PSS thin film. The PSES:PEDOT:PSS nanocomposite thin film was subsequently applied on n-type c-Si wafers to fabricate hybrid photovoltaic (PV) devices using high conductive Ag paste dots as the top contact points for testing. Schematic diagram of the device structure was shown in [ 18] On the contrast, the PEDOT:PSS hybrid PV device achieved much better performance as listed in Table 1 . It obtained PCE of 2.81% with V oc of 0.40 V, J sc of 12.54 mA/cm 2 , and FF of 56%. Much higher conductivity of the PEDOT:PSS layer than that of PSES:PEDOT:PSS played a key role on securing better efficiency devices. Nevertheless, the PEDOT:PSS PV device fully degraded after stored in air for overnight as shown in Figure 4b , illustrating very poor stability. The hcPSES:PEDOT:PSS nanocomposite thin films from SGP-2 were also utilised to fabricate the n-type Si-based hybrid PV devices with Ag nanowires as the top contact electrode. As a comparison, the controlled sample of n-type Si-based hybrid PV devices were simultaneously fabricated using the corresponding hcPEDOT:PSS. Device structures as shown in Figure 5a were of Sn film/c-Si/hcPSES:PEDOT:PSS or hcPEDOT:PSS/Ag NWs.
We characterised J-V behaviour of the hcPSES:PEDOT:PSS and hcPEDOT:PSS hybrid PV devices as presented in Figure 5b , respectively. Performance parameters according to J-V curves were illustrated in Table 2 Figure 4b . It was noticed that the hcPEDOT:PSS thin film had much higher conductivity (up to 1000 S/cm) [19] than the hcPSES:PEDOT:PSS nanocomposite thin film; Nevertheless, the hcPEDOT:PSS hybrid PV device did not obtain much better PCE than the hcPSES:PEDOT:PSS PV device. Further compared the PEDOT:PSS PV device with the PSES:PEDOT:PSS PV device in Figure 4b , the PEDOT:PSS PV device illustrated much better J-V behaviour. Therefore, we inferred that it required a critical value (or in a range of the value) of conductivity (C k ) for the p-type semiconductor layer on the n-type c-Si to fabricate high efficiency Schottky PV devices.
When conductivity of the p-type semiconductor layer is lower than C k , J-V performance of the fabricated PV device was seriously affected by the value of conductivity; e.g. Figure 4b . However, when conductivity for the p-type semiconductor layer is greater than C k , it no longer plays a key role on the J-V performance of the hybrid PV devices; e.g. hcPSES:PEDOT:PSS and hcPEDOT:PSS PV devices in Figure   5b . Another point for PSES:PEDOT:PSS PV devices is that they demonstrated the same J-V performance as the hcPEDOT:PSS PV devices but had overall a lower conductivity of the ptype semiconductor layer, which may imply that the PSES:PEDOT:PSS nanocomposite thin film has a high conductivity along the direction perpendicularly to the surface of the c-Si substrate. Further investigation is required for this. Overall, our PV devices referred to other published papers (10 to 13% PCE) had a relatively low PCE, which was mainly due to two factors; i.e. flat c-Si etching surface that had small light absorption compared to Si NWs surfaces and high contact resistance from the front and rear contact electrodes. [9] The objective in this work mainly focused on studies of enhancing device stability through comparison; therefore, we did not adopt the best device structure in our experiments for obtaining high efficiency. Conversely, the device structure, Sn film/cSi/PSES:PEDOT:PSS or PEDOT:PSS/Ag paste dots as shown in Figure 4a , was further used to fabricate hcPSES:PEDOT:PSS-based PV devices. This device structure allowed the p-type hcPSES:PEDOT:PSS layer fully expose to the environment without protection, which intended to perform a rapid evaluation for long term stability of the PV devices. Figure   4a . A full degradation was observed from J-V characterisation of the hcPEDOT:PSS PV device after stored in air for overnight. The degradation was caused by water trapped or absorbed in the PV devices. Water trapped in the hcPEDOT:PSS layer can lead to a notably abatement of the PV device after stored under an ambient condition for 10 min. [12] Moreover, in order to perform a rapid stability assessment, our hcPSES:PEDOT:PSS hybrid device was then immersed in DI water for another 96 hours after kept in the ambient condition for 140 hr.
PSES:PEDOT:PSS PV devices in
In the case of no encapsulation, J-V performance of the hcPSES:PEDOT:PSS hybrid PV device did not degrade as shown in Figure 7a . It still illustrated 2.2% PCE with other parameters listed in Table 3 . This superior water-repellent property was attributed to the incorporation of PESE in PEDOT:PSS to form a nanocomposite thin film, which provided a "water-impermeable" property in n-type c-Si hybrid PV devices. This approach in this report could deliver one of the best solutions for manufacturing long term stable and low cost organic-inorganic solar cells and pave the way to realise the true commercial products. 
